EEG power, but in older infants, as in adults, there is appreciable power in frequencies between 2 and 30 Hz. However, their observations on EEG changes associated with emergence conflict. In one study, the power within the 2-20 Hz range decreased, 4 and in the other, power within the 8 -30 Hz range increased. 5 Hayashi and colleagues 6 studied processed EEG variables in 62 neonates and infants having surgery (some had fentanyl and a caudal block) during steady sevoflurane concentrations between 0.5 and 2%. In children aged 6 months to 2 yr, spectral edge frequency (SEF90) was inversely related to sevoflurane concentration, but this was less so in younger infants. Below 3-5 months of age, the SEF90 was always low. We studied the EEG, both in time (i.e. visual appearance of the 'raw signal') and frequency domains, in infants during emergence from sevoflurane to determine characteristics that could be used to warn of potential AW. In a pilot study before this project, infants would frequently remain immobile during wash-out unless they were stimulated and then often awaken suddenly. This has been observed by others. 7 We considered that it was necessary to provoke AW and therefore needed a stimulus that could be repeated without causing distress. During natural sleep in infants, McNamara and colleagues 8 9 showed that tickling the foot caused a reproducible sequence of AW behaviour. First there was a withdrawal response of that limb, then a change in heart rate or breathing pattern, followed by a startle and EEG responses coincident with AW. These may relate to activation of the spinal reflex, then the brain stem, followed by the sub-cortical nuclei and finally the cerebral cortex. This observational study describes the changes in the EEG of infants during wash-out of sevoflurane with AW provoked by gentle cutaneous stimulation.
Methods
The project had ethical committee approval and parents gave written informed consent. Infants (aged ,12 months) requiring anaesthesia involving tracheal intubation were recruited unless they had any cerebral, cardiac, or respiratory disorder or were receiving any medication likely to affect neurological function. Post-menstrual age 10 (PMA), body weight, and relevant clinical details were recorded. Anaesthesia was not altered for this study and was induced and maintained by sevoflurane; nitrous oxide was not used for maintenance. Monitoring included pulse oximetry, electrocardiogaphy (ECG), respiratory gas analysis, and non-invasive arterial pressure. Tracheal intubation was achieved after muscle relaxation with atracurium. Anaesthetic gases were administered via a circle breathing system. Inspired sevoflurane was adjusted to maintain end-tidal concentrations considered compatible with adequate depth of anaesthesia according to the clinical judgement of the anaesthetist. Ventilation was controlled to maintain end-tidal carbon dioxide concentration between 3.5 and 5.5 kPa (respiratory rates were 20 min 21 and the end-tidal capnograph waveform had a recognizable plateau).
Analgesia varied and was achieved with combinations of local anaesthesia (levobupivacaine 0.25%) and other potent analgesics (i.v. fentanyl or morphine). All infants received i.v. fluids in volumes guided by the clinical judgement of the anaesthetist who assessed heart rate, arterial pressure, and skin perfusion to ensure that infants were not hypovolaemic or dehydrated. Body temperature was maintained .35.58C. No antimuscarinic drugs were used. Atracurium was not reversed with neostigmine because .1 h had passed between emergence and the last dose. After surgery, the inspired concentration of sevoflurane remained unchanged from that used during surgery for at least 1 min. Sevoflurane administration was then stopped and washed out with fresh gas flow of 8 litre min 21 . Mechanical ventilation was unchanged until effective spontaneous breathing started. Endtidal sevoflurane concentration (P et Sevoflurane) was recorded every minute until tracheal extubation. Observations and recordings were made and taken by M.R.J.S. who was not involved with administering the anaesthetic. From ceasing sevoflurane administration until AW (wash-out period), AW was provoked by two types of stimuli. The sole of the foot was continuously stroked with a plastic 20 g i.v. catheter. If the infant had a caudal epidural local anaesthetic block, a hand was stroked instead. A standard arterial pressure measurement caused stimulation by its cuff inflation once every minute. The cuff, placed on the arm, automatically inflated to a maximum pressure of 100 mm Hg and inflation lasted 30-40 s. Ambient noise was unrestricted and normal for an operating theatre environment.
Video recording enabled timing of events: sevoflurane turned off (SO), first movement of a limb (M1), awakening began (AB), AW, and tracheal extubation. AW was defined as the presence of at least two of five criteria (crying or attempting to cry, vigorous limb movements, gagging on a tracheal tube, eyes open, and looking around). 11 Band powers in frontal and centro-parietal channels during anaesthesia were calculated. The channel with the largest mean power within the 1-28 Hz band for the whole patient group was chosen for further analysis.
The mean EEG power spectrum and mean band powers (mean of 10 epochs in both left and right channels) were calculated for two 1 min periods after surgery: before sevoflurane was turned off (bSO) and immediately before awakening began (bAB). Band powers in these two periods were compared. Data were log10 transformed if the mean and median were dissimilar. Differences between means were supported by 95% confidence intervals. Where differences were appreciable, the variable was calculated for every epoch during the emergence sequence and plotted to identify any trend. Regression described trend over time. Logistic regression was used to test and measure association of a change in any band power with age and other factors.
Results
Parents of 35 infants were approached and 20 consented. Infant ages ranged from 39 to 77 weeks PMA (Table 1 ). All except one moved the same limb that was being stroked before any other behaviour or obvious change in heart rate or respiratory pattern. In the exceptional infant, there was a generalized motor response that preceded AB by one epoch. Arterial pressure cuff inflation did not appear to have a time relationship to movement or AW.
There was a wide variation in AW times. Time between SO and AW ranged from 6.2 to 36.3 min. AB was always at least 5 min after SO. Movements were always vigorous and M1 was at least 1 min before AB. Four infants moved almost immediately on the first stroke but then took 7.5, 8.2, 10, and 14.5 min until AB. Six infants took ,1 min between AB and AW. The youngest infants took the longest to AB, but there were no obvious relationships between age and event time.
Before SO the mean P et Sevoflurane was 2.3% [standard deviation (SD) 0.5, range 1.5-3.5] and there was no relationship to age. During wash-out, there was a rapid decrease in P et Sevoflurane in the first minute but thereafter it decreased slowly. The mean P et Sevoflurane was 0.5% by 5 min SD 0.1, range 0.3 -0.8) and 0.4% by 7 min after SO (SD 0.1, range 0.3 -0.7). At AB, the mean P et Sevoflurane was 0.3% (SD 0.1, range 0.1-0.6).
During wash-out, the raw EEG signal had two easily distinguishable periods: before AB, there was almost artifactfree activity but during AW, there was EMG interference and artifact-ridden activity associated with movement ( Fig. 1) . On visual inspection, in all infants pre-AW signals had a continuous low-frequency oscillation (0.5 -2 Hz) with maximum amplitude varying between infants from 25 to 100 mV (median 100). In some infants in the early phase of wash-out, these low-frequency signals resembled regular transients that later merged to became continuous oscillations. In respect of frequencies ≥3 Hz, there were two apparent patterns related to age. The youngest infants (,52 weeks PMA) had low maximum amplitudes (median 10 mV, range 5-20), whereas older infants had higher amplitudes (median 30 mV, range 25-50). In older infants, the amplitudes of these oscillations were prominent during anaesthesia and decreased steadily during wash-out until AB (Fig. 1 ).
After AW, many epochs had EMG interference, and therefore, only epochs before AB have been analysed (of these only 12 epochs out of a total of 2512 were excluded). During anaesthesia, the band powers in the centro-parietal channel were approximately four times larger than those in the frontal channel. Only centro-parietal PSDs have been analysed further.
Visual analysis of power spectra showed that in almost all epochs most power was within frequencies ≤4 Hz and the summated power in frequencies between 20 and 70 Hz was almost always ,5 mV 2 . During anaesthesia, however, there were two common patterns ( 320, range 110-542), whereas younger infants did not, and therefore, descriptive statistics were applied to these two age groups separately. In Figure 2 , the power spectrum represents one infant only and shows that in that infant, the power within the 5-20 Hz band peaked at 11 or 12 Hz. This 'peak frequency' varied between infants and in some cases a peak frequency was not easily discerned.
The decrease in power within frequencies ≤4 Hz was often appreciable, but there were wide variations between infants so that lower 95% confidence intervals (CIs) in both age groups either included or were close to 0 (Fig. 3) . For older infants, Figure 3B shows the decrease in raw power within various frequency bands. The mean reduction in power was greater in classical EEG bands than the narrow frequency bands, but the reduction in power in the P5-20 was larger than any other band (except ,4 Hz) and had CIs furthest from 0 (mean decrease 252 mV 2 , 95% CI 153 -351). The mean decrease in P5-20 Hz in older infants was almost 10 times greater than that in younger infants. In the lowfrequency bands (≤4 Hz), the mean and median changes in band power were dissimilar, and therefore, data were logtransformed. Figure 4 shows anti-log data in which the decrease in mean log band power is represented by the ratio between the geometric mean band powers at bSO and bAB; a ratio of 1 signifies no change in log power. For power within frequencies ≤4 Hz, 95% CIs for both young and older infants either included or were close to 1 (Fig. 4) . The frequency bands 9-12, 13-16, and 8-13 Hz (alpha) had the largest ratio of change in both age groups, but overall, the power reductions in the narrow and classical frequency bands were similar (Fig. 4B ).
Plots showing trend over time demonstrated little change in P5-20 Hz in infants ,52 weeks PMA unlike older infants in whom there was an obvious decrease (Fig. 5) . Older infants had P5 -20 Hz .100 mV 2 (median 320, range 110 -542) during anaesthesia and by 6 min after SO P5-20 Hz had reduced to ,100 mV 2 in all but two infants ( In older infants all except one had R-values .0.7 and the mean gradient was 20.012. This is equivalent to a decrease to 75.9 and 25.8% of the baseline by 1 and 5 min, respectively. In younger infants, the mean gradient was 20.006 (compared with older infants by unpaired t-test P¼0.006). P5-20 Hz during anaesthesia increased with age (Fig. 6) ; power in this frequency band of 100 mV 2 separated infants younger than and those older than 52 weeks PMA. The mean frequency (in infants .52 weeks PMA) with the highest power in this range was 11.3 Hz (SD 2.4). Age was the factor most strongly associated with P5 -20 Hz. Other factors tested were body weight, length of surgery, time taken to awaken, and P et Sevoflurane; none appreciably improved the association of P5-20 Hz with age.
Discussion
In this small sample, the combined power in centro-parietal EEG oscillations between 5 and 20 Hz during anaesthesia was appreciable in infants older than 3 months of age. P5-20 decreased more than any other band power during sevoflurane wash-out and its decrease could be a warning of inadequate anaesthesia and impending AW. A decrease in EEG power during sevoflurane wash-out was also found by Davidson and colleagues 4 in infants, and there were similar EEG changes in studies in children during sevoflurane anaesthesia 3 and propofol sedation. 13 In studies of adults also, during induction with sevoflurane, 14 isoflurane, 15 or propofol, 16 17 after initial low-amplitude desynchronizations, the amplitude of oscillations in the range of 8-20 Hz increased. Recent evidence confirms that oscillations in the alpha frequency range are associated with loss of consciousness with propofol. 18 Our data show that alpha oscillations apparently develop in infants, perhaps in a less frequency-specific form, around the age of 3 months. In sheep, power within the alpha range has been associated with sedation level and benzodiazepine dose. 19 In rats, AW from isoflurane anaesthesia was also coincident with decrease in power of frequencies ,25 Hz, although an increase in power in higher frequencies was a more consistent finding. 20 Lo and colleagues, 5 however, found that EEG power in the 8-30 Hz range increased during sevoflurane wash-out. They maintained anaesthesia at 1.4 minimal alveolar concentration (MAC, age adjusted), which, for sevoflurane, is 4% for infants. 5 At these doses, the EEG can be suppressed and power therefore increases as anaesthesia washes out. In our study, end-tidal sevoflurane was ,2.5%, which is close to 1 MAC in infants older than 6 months 21 but appreciably ,1
MAC in younger infants (MAC in infant ,6 months¼3.2%).
21
A common problem with clinical studies attempting to determine the EEG effect of a steady concentration of inhaled anaesthetic is the variable nature of painful stimulation that might arouse the EEG. Local anaesthesia can block stimuli but any analgesic drugs can either directly effect the EEG or, more likely, change the EEG indirectly by reducing the concentration of vapour required to produce anaesthesia. The effect of a fixed anaesthetic concentration can vary according to both stimulation and other drugs. In addition, MAC might not be constant. In a study in rats, the MAC of inhaled anaesthetics decreased appreciably over a 4 h period in pups but not in adults: 22 23 however, the time taken to achieve equilibrium was an important factor and was much longer than expected. Further problems arise with the assumption that the end-tidal concentration of sevoflurane is close to arterial. During wash-in and wash-out phases of administration, there will be a time lag, but even at steady-state the relationship between end-tidal and arterial concentrations can vary. 24 Our data support a relationship between EEG power and wash-out of sevoflurane, but do not warrant an estimation of the EEG effect of a specified sevoflurane concentration. In summary, steady-state conditions are difficult to achieve and define, and might not be relevant to the clinical situation when many changes are taking place. Consequently, we have sought an EEG variable that is robust, simple, easily computed, and potentially useful. Of all the band powers, P5 -20 Hz appears from this small data set to be better than others. Further work is required to test its reliability and utility. Total spectral power, median frequency, and SEF90 are commonly used descriptors of the EEG power spectrum. A problem with these variables is that they can be dominated by high power changes within low frequencies that can obscure the relatively smaller power changes in higher frequencies. For example, an appreciable change in total signal power might be attributable to a relatively small change in powerof low frequencies that could obscure an important change in higher frequencies of low power. P5-20 Hz excludes low frequencies and therefore could be considered in isolation. Bispectral index (BIS), entropy, and other methods of processing the EEG could have been studied in this group of patients but applying additional electrodes (e.g. for BIS) would have caused practical problems, and we elected to describe the more straightforward characteristics of the EEG. The stimulation of skin could have caused evoked changes in the EEG. In young infants, the EEG has low amplitude so that evoked potentials can have a lower signal-to-noise ratio and might be easier to identify. Evoked potentials in response to heel lancing and skin stimulation have been detected in awake preterm infants. 25 If these are suppressed by anaesthesia their detection during emergence could prove useful in this age group. Opioids could have both direct dose-dependant effects on EEG oscillations and indirect effects by reducing painful stimulation and EEG arousal. We think that the anaesthetists managing the infants gave sufficient opioid to prevent painful arousal although we cannot exclude a dose-related EEG effect of opioids. In 16 of our infants, we recorded EEG after induction of anaesthesia but before surgery and before opioids had been given. In comparison with the EEG recorded after surgery, EEG oscillations of frequency ,5 Hz tended to have higher power before surgery and opioids, but the powers in the 5-20 Hz range were similar (geometric mean difference 1.03, 95% CI 0.3-3.7). The mean difference in end-tidal sevoflurane concentration was 0.04% (median 0.03, SD 0.63, range 21.5 to 1.35). There was no obvious relationship between dose of fentanyl and time of AW. Infants who did and those who did not receive morphine awoke, on average, at the same time. There was a tendency for the youngest infants to take longest to awaken.
We found that P5-20 Hz was related to age and became appreciable at the age of 3 months. This supports data from Davidson and colleagues, 4 who showed that band power (2-20 Hz) increases with age. At this age, there is evidence that cortical networks involving gamma-aminobutyric acid (GABA) and N-methyl-D-aspartate (NMDA) synaptic activity are maturing, and these may be responsible for age-related EEG changes. 6 If neuronal apoptosis in the developing human brain is caused by anaesthetics, 26 -30 minimizing the dose would be desirable. Our data could prove useful to researchers interested in testing the efficacy of hypnotic and analgesic components of anaesthesia.
In infants older than 52 weeks PMA, the cortical effects of sevoflurane during emergence could be monitored by P5-20 Hz in combination with P et Sevoflurane. If minimization of the dose of sevoflurane is intended, the dose of sevoflurane could be reduced to maintain P5-20 Hz above a set value (perhaps 100 mV 2 ) while the absence of sympathetic arousal (increases in heart rate and arterial pressure) could be used to confirm negligible sympathetic response to stimulation. These are speculative statements and more data are required to validate our observations. In younger infants in whom the EEG during anaesthesia is 'quiet', research into evoked responses might be productive. If, in the future, there is concern over anaesthesia-related neurological damage, the investigation of methods of assessment of anaesthetic effect in younger infants should take priority on the assumption that infants are more vulnerable.
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